METRIC CONVERSION CHART
This literature review presents treatment options for nitrate, iodine-129, and uranium, which are present in groundwater at the 200-ZP-I Groundwater Operable Unit (OU) within the 200 West Area of the Hanford Site. The objective of this review is to determine available methods to treat or sequester these contaminants in place (Le., in situ) or to pump-and-treat the groundwater aboveground (i.e., ex situ). This review has been conducted with emphasis on commercially available or field-tested technologies, but theoretical studies have, in some cases, been considered when no published field data exist. The initial scope of this literature review included only nitrate and iodine-I 29, but it was later expanded to include uranium. The focus of the literature review was weighted toward researching methods for treatment of nitrate and iodine-129 over uranium because of the relatively greater impact of those compounds identified at the 200-ZP-I OU.
BACKGROUND INFORMATION
The Only carbon tetrachloride was identified to exceed a I x 10"" risk level and was the only contaminant identified in the Feasibility Study Report/or the 200-ZP-I Groundwater Operable Unit (DOEIRL-2007-28 ) as a contaminant of concern (COC) and a principal threat. Other contaminants of potential concern (COPCs) and their percentile concentrations in 200-ZP-I OU groundwater were also presented in the feasibility study (DOEIRL-2007··28) and are listed in Table I EPA et al. 1995) . The objectives of the interim action Record of Decision (ROD) were to prevent further migration of carbon tetrachloride-contaminated groundwater and to reduce contaminant mass in the aquifer. The current treatment system extracts approximately 1,591 Umin (350 gallons per minute [gpm]) of carbon tetrachloride-contaminated groundwater, and treatment consists of using a combination ofair stripping and granular activated carbon (GAC) to collect the vapor-phase contaminants. The treated liquid emUi~nt is reinjected into the aquifer upgradient of the extraction wells. -2007-28) , as shown in Figure 1 -3. In terms of plume size and extent, the uranium groundwater plume that exceeds the MCL is smaller than (and is located completely within) the larger iodine-129 plume that exceeds I pCi/L. The iodine-129 plume that exceeds I pCi/L, in turn, is smaller than (and is located completely within) the larger nitrate plume that exceeds the nitrate MCL.
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METHODOLOGY
This literature survey focuses on commercially available technologies and/or technologies that have been implemented or at least tested at a site. If these types of demonstrated technologies were not found for a particular COPC, then other technologies with promising bench-test data or that have been evaluated to be theoretically viable and effective are presented here.
This review was performed through extensive research of the published literature and through contacting technology vendors. Articles were identified and reviewed based on keyword searches of multiple publications including, but not limited to, the following publications: Pump-and-treat can be used for either containment of contaminants in the source zone or for complete remediation of the groundwater aquifer, depending on the site conditions. Pump-andtreat is a very common remediation technology that has been used for a wide range of mobile contaminants in groundwater.
Use of pump-and-treat involves groundwater extraction from an appropJiate number and spacing of extraction wells to prevent downgradient migration beyond points of compliance. An aboveground groundwater treatment system is installed to treat contaminants to achieve the established treatment and discharge standards. Reinjection of treated water is sometimes incorporated into the design of a pump-and-treat system to manipulate hydraulic gradients and improve containment.
Pump-and-treat for aquifer treatment refers to groundwater extraction and ex situ treatment to remove contaminant mass from the aquifer. This differs from pump-and-treat for hydraulic containment in that groundwater extraction is performed in the highest concentration areas and at a higher flow rate to maximize contaminant mass removal. Although containment may also result, the primary objective is to speed restoration of the aquifer. Pump-and-treat for aquifer treatment and for containment may be applied in different areas of the pllume.
Pump-and-treat has been widely implemented as a groundwater remedy for containment and/or treatment. Based on a review ofNational Priorities List sites, pump-and-treat was part of the remedy or the sole remedy at 67% 2.1.1.1 Ion Exchange. The process using IX consists of using a resin to adsorb and retain anionic or cationic contaminants from groundwater and releasing benigrl anions or cations in their place. The resin becomes saturated when all of the resin's functional groups have been occupied, at which point the resin needs to be recharged before reuse, or possibly disposed and replaced. The IX resins are typically recharged with a strong acid, base, or salt solution, and a wastewater stream will be generated that requires additional treatment either onsite or offsite. Strong-base anionic-exchange resins are, for example, used for the removal of nitrate. When groundwater flows over the resin, the nitrate anion is exchanged with a (,Woride or bicarbonate ion residing on the resin. The use of IX resin has been previously tested at the Hanford Site's 200-ZP-l OU for the removal oftechnetium-99.
2-1 SGW-37783, Rev. 0 2.1.1.2 Granular Activated Carbon. A process using GAC can be used to adsorb and remove aqueous-phase contaminants from groundwater, in addition to its use for treatment ofair streams. Activated carbon contains a large surface area per volume for adsorption of contaminants and is typically effective in groundwater applications for removing organic contaminants with limited solubility in water. Spent activated carbon is typically thermally reactivated at an offsite facility and can be reused following reactivation.
2.1.1.3 Electrodialysis. Electrodialysis is a membrane filtration technique that is widely used as a desalination method (i.e., production of potable water from marine or brackish water). This method uses an electric potential gradient to move ions through permeable ion membranes. The electric current moves ions from a less concentrated solution to a more concentrated solution, which is possible due to the membranes that only allow either positively or negatively charged ions to pass. The contaminants are concentrated into a liquid waste stream. The concentrated waste liquid would then typically need to undergo further onsite treatment or be sent offsite for treatment and/or disposal.
2.1.1.4 Reverse Osmosis. Reverse osmosis is a membrane filtration tc:chnology that involves pumping water through a low-permeability membrane at relatively high pressure in order to remove contaminants. As with electrodialysis, reverse osmosis is widely used as a desalination method to produce drinking water, and the concentrated waste liquid that is generated typically undergoes further onsite treatment or is sent offsite for treatment and/or disposal.
Biological Treatment
Biological ex situ treatment alternatives are technologies where the groundwater is pumped up to the surface into a bioreactor or constructed wetland. The contaminants~Il'e then degraded by biological media, such as micro-organisms on a bio-film or in the root systems of plants. Several removal mechanisms have been identified with biological treatment of nitrate in water such as decomposition, nitrification/denitrification, settling, volatilization, adsorption, and nutrient uptake ("Performance of Constructed Wetland Treating Wastewater from Seafood Industry" [Yirong and Puetpaiboon 2004] ).
A bioreactor used for groundwater treatment would generally consist of a fixed media with large surface area in a vessel or structure used to support micro-organism growth. Typically the groundwater being treated does not provide an adequate food source or optimal water conditions to sustain and promote biological treatment; therefore, supplemental nutJrients are typically added to the influent groundwater to provide a carbon source for energy and cell growth substrate and to optimize the biological treatment process. For example, to create an anaerobic bioreactor for treatment of aerobic groundwater, a soluble carbon source (e.g., acetic add, methanol, or ethanol) would be added to influent groundwater as an energy source and to establish reducing and anoxic conditions. Constructed wetlands can be described as artificial swamps that act as biofilters for removing contaminants and are common processes in wastewater treatment. A constructed wetland provides several removing mechanisms such as decomposition, nitrification/denitrification, settling, volatilization, adsorption, and nutrient uptake (Yirong and Puetpaiboon 2004) . A constructed wetland would typically require a much larger area and a much longer hydraulic retention time compared to a bioreactor, but it typically would not require added nutrients and would require less operational oversight.
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IN SITU TREATMENT
A review ofliterature for in situ remediation methods for nitrate in groundwater indicated that three treatment technologies have typically been employed. These technologies are permeable reactive barriers (PRBs), anaerobic bioremediation, and inorganic immobilization.
Permeable Reactive Barriers
A PRB consists of a permeable reactive zone installed within the aquifer and oriented perpendicular to groundwater flow for treatment ofgroundwater contaminants as they flow through the barrier. The reactive zone could be created by different kinds of media, such as organic compounds to enhance anaerobic biological treatment or zerovalent iron to promote chemical reduction.
A PRB using anaerobic bioremediation for treatment can be created by injecting fermentable substrates (i.e., electron donors) to stimulate anaerobic aquifer conditions and degradation or immobilization of contaminants through microbial reduction. The PRB would be created and maintained by periodically injecting large volumes of a dilute solution of electron donor to a line of injection wells spaced to have overlapping zones of influence or radii of injection. The longevity of injectable electron-donor substrates appropriate for PRBs is relatively short (Le., several months to more than a year) compared to the required period ofcontainment. Donor longevity depends on the mass of the donor injected and the continuing flux of natural electron acceptors (e.g., oxygen) through the PRB.
The PRB can also use chemical media that would either abiotically reduce a contaminant or absorb it. Zerovalent iron is a widely used media at those sites where the cac can be destroyed through chemical reduction. Zerovalent iron is typically deployed as an excavated trench with a mix of sand and iron filings, but it can also be installed through a direct slurry injection. The IX resins have also been tried as PRB media where the contaminant will sorb to the resin (see Section 2.1.1.1 for a description of the IX process).
Anaerobic Bioremediation
Anaerobic bioremediation involves the stimulation ofanaerobic aquifer conditions and native micro-organisms to degrade or immobilize contaminants through the addition (e.g., injection) of electron-donor substrates into the aquifer. Additionally, anaerobic bioremediation can provide indirect stimulation of beneficial abiotic degradation processes (e.g., anaerobic reduction by iron sulfides).
Biodegradation of contaminants occurs through different reduction/oxidation reactions by which the micro-organisms degrade a contaminant either in an energy-yielding process (metabolic) or without gaining energy (cometabolic or co-oxidation). In metabolic pro<cesses, micro-organisms obtain energy by facilitating the transfer of electrons from one compound (electron donor) to another compound (electron acceptor). Cometabolic processes occur as side reactions to other metabolic reactions by which micro-organisms use non-target compounds as the electron acceptor and donor; cometabolic degradation of the contaminant occurs fortuitously with no additional energy gain for the micro-organism.
Metabolic processes for micro-organisms can be compared to human consumption of food (electron donor) and respiration ofoxygen (electron acceptor) to obtain c:nergy. A fermentable carbon substrate (e.g., sugar, alcohol, vegetable oil, or petroleum hydrocarbons) can be used by 2-3 SGW-37783, Rev. 0 micro-organisms as the electron donor. Micro-organisms use electron ac:ceptors, including naturally occurring acceptors (e.g., oxygen, nitrate, manganese, ferric iron, sulfate, or carbon dioxide) and contaminant ac:ceptors (e.g., carbon tetrac:hloride or TCE). Micro-organisms obtain the greatest energy from the most highly oxidized ac:ceptors and will, thl:refore, preferentially use and deplete the most oxidized ac:ceptors available. For this reason, oxygen (if present) is the first electron acceptor to be used, followed sequentially by nitrate, manganese (IV), ferric iron (Fe+\ sulfate, and carbon dioxide. Aquifer reduction/oxidation conditions (e.g., aerobic, nitrate-reducing, or iron-reducing) are described by the predominant elel:tron acceptor being used by micro-organisms. A contaminant will generally not be degraded through use as an electron acceptor until most of the more highly oxidized natural and contaminant electron acceptors have been depleted (i.e., until the appropriate aquifer reduction/oxidation conditions are established). Substrates become fennented and release intennediate fatty ac:ids and thl~hydrogen electron donor that moves with groundwater flow to establish treatment zones downgradient of injection wells. Achieving the required reducing conditions in the aquifer and the length of time between injections (i.e., days to years) is dependant on the ratio offast-and slow·-release donor substrates in the injected solution. Combined use of soluble and insoluble donor substrates can result in several months to more than a year oflongevity (i.e., time between injection events), depending on site-specific factors, such as the mass of natural and contaminant electron ac:ceptors present in the treatment zone and the continuing flux of acceptors through the treatment zone following injection.
For organic contaminants, an~robic bioremediation can result in dechlorination and destruction of the compound, and for other contaminants such as nitrate, it can resullt in conversion to a harmless compound (e.g., nitrogen). However, anaerobic bioremediation has also been used for long-tenn immobilization of inorganic constituents, such as uranium.
Inorganic Immobilization
In situ immobilization of radionuclides by a method other than anaerobil: bioremediation has also been studied. The other method of inunobilization involves groundwater pH adjustment by injection of high pH alkaline solutions in order to reduce the mobility of the radionuclides in site groundwater. A case study testing the inorganic immobilization both iodine-129 and uranium is described in the following sections.
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EX SITU TREATMENT (pUMP-AND-TREAT)
Due to the high solubility and low partitioning of nitrate into soil, pump-and-treat is likely to be effective in the removal and concentration reduction of nitrate in all zom:s of groundwater contamination. Both physical/chemical and biological ex situ field tests are described below.
Physical/Chemical Treatment
Using IX is a common method to remove nitrates from water ("Pilot-Scale Evaluation of Select Nitrate Removal Technologies" [Darbi et al. 2003] ). The method uses a packed bed containing chloride or bicarbonate anions on a strong-base resin that can be regenerated using sodium chloride or sodium bicarbonate.
The use ofiX for the removal of nitrate has been documented multiple times, and two examples are as follows:
• In Nitrate and Perchlorate Removalfrom Groundwater by Ion Exchange (Burge and Halden 1999) , a laboratory study showed 80% removal of nitrate from influent groundwater with a concentration of 100 mg/L nitrate.
• In "Pilot-Scale Evaluation of Select Nitrate Removal Technologi,es" (Darbi et al. 2003) , a field study demonstrated that approximately 65 mg-NIL nitrate could be treated to an average concentration of 6.1 mg-NIL. The IX system used a strong-base anion-exchange Electrodialysis has been demonstrated to be capable of removing nitrate from groundwater ("Pollution of Nitrate in Moroccan Ground Water: Removal by Electrodialysis" [Elmidaoui et al. 2001] ; "Experience with Full-Scale Electrodialysis for Nitrate and Hardness Removal" [Hell et al. 1998 ]; "Removal of Nitrate by Electrodialysis" [Indusekhar et al. 2001 Reverse osmosis is often referred to as a common technology for the treatment of nitrate using pump-and-treat, although the published number of articles are limited. Published literature includes demonstrations of field studies that showed treatment of 65 mg··NIL nitrate to an average concentration of7.7 mg-NIL (Darbi et al. 2003) , treatment of 42..5 mg/L of nitrate to 0.9 mg/L ("Nitrate Removal with Reverse Osmosis in a Rural Area in South Africa" [Schoeman and Steyn 2003]) , and treatment to achieve 75% to 95% nitrate removal in reverse osmosis plants with 76 and 100 mg/L nitrate ("Use of Reverse Osmosis for Removal of Nitrate in Drinking Water" [Bilidt 1985] ).
Nitrate can also be reduced chemically to anunonia, nitrogen gas, and nitrite. This process would require further treatment to remove the produced anunonia from the water. The only published ex situ study found ("Chemical Removal of Nitrate from Watd' [Murphy 1991]) showed that nitrate can be converted to anunonia when reacting with powdered aluminum; however, the reaction required an elevated pH (no reaction occurred at a pH of 8). About 60% to 95% of the nitrate was converted to anunonia, while the remainder was l:onverted to nitrogen gas and nitrite. Nitrite is very short-lived in anaerobic groundwater and converts quickly to nitrogen gas (Environmental Agency 2005), but the anunonia would require additional treatment.
Biological
Bioreactors or constructed wetlands can be used to treat nitrate generated from groundwater extraction. Bioreactors typically consist of process taoks containing media to support biological growth. Bioreactors can also be constructed as an infiltration gallery. Groundwater pumped to the surface from an extraction well would be introduced to a bioreactor together with a carbon source. The mechanisms occurring in the bioreactor would be the same as in situ-enhanced denitrification.
Micro-organisms in a bioreactor would use the carbon source as cell growth substrate and also as an electron donor in a reduction/oxidation reaction with nitrate as the ele:ctron acceptor, producing nitrogen gas (as described in Section 2.1.2).
Some of the selected studies are described below for process tank type bioreactors:
• "Biological Nitrate Removal from Water Resources" (Bidhendi (:t al. 2006) showed in pilot testing that aerobic groundwater with a nitrate concentration of about 75 mg/L could be treated with up to 88.8% removal efficiency given a 48-hour retention time. Approximately 72.9% removal was seen after only I-hour retention time. Acetic acid was used as the carbon source and electron donor.
• Darbi et al. (2003) evaluated a bioreactor set up for nitrate levels in groundwater of 65 mg-NIL. The system was able to treat the nitrate to an average concentration of 2.4 mg-NIL using a hydraulic retention time of 13 hours.
• "Groundwater Denitrification with Alternative Carbon Sources" (Mohseni-Bandpi and Elliott 1998) compared three different electron donors for denitrification using a pilot-scale rotating biological contactor. Influent nitrate concentrations were approximately 40 mg-NIL, and donors tested were methanol, ethanol, and acetic acid. 1994) indicated in a laboratory study that ethanol was a more efficient electron donor than methanol. The growth rate of denitrifiers was two to three tiimes greater with ethanol compared to methanol.
• Applied Process Technology is a company that is trying to commercialize their membrane biofilm reactor technology that is specifically designed to chemically and biologically reduce nitrate. Hydrogen diffuses through a membnme and acts as an electron donor, building up a biofilm on the membrlffie. This same approach has been applied to the treatment of extracted groundwater containing TCE through construction of a horizontal layer of mulch within an infiltration gallery (Short Course-
Enhanced Anaerobic Bioremediation Using Permeable Mulch Biowalls I[Wilson et aI. 2007]).
This infiltration gallery approach is termed a "mulch bioreactor." Extrac:ted groundwater is treated as it infiltrates through the mulch layer, and infiltrating groundwater carries dissolved organic carbon below the mulch layer to stimulate biological treatment of deeper contamination. Biological treatment of perchlorate and TCE requires aquifer reduction/oxidation conditions that are the same or more reducing than those required for the biological treatment of nitrate.
Constructed wetlands case studies include the following:
• A constructed wetland was used to remove nitrate from the munidpal drinking water supply in Orange County, California ("Nitrate Removal from a Drinking Water Supply with Large Free-Surface Constructed Wetlands Prior to Groundwater Recharge" [Reilly et aI. 1999] ). The source water was the effluent-dominated Santa Ana River and up to 1.5 m 3 /sec (33 million gal/day) were treated prior to groundwater recharge. The influent contained 3.1 to 10.9 mg/L NOrN. The average nitrate removal was 522 mg N03-N per square meter per day, and exiting nitrate concentrations sometiffil~s fell to as low as 0.1 mg/L N03-N, with hydraulic detention times from 0.3 to 9.6 days. Average efficiency for the entire wetland was 79% (range of 14% to 100%), and bacterial denitrification was concluded to be the primary nitrate loss mechmism. • A review of both surface flow and subsurface flow wetlands ("Subsurface Flow Wetlands" [Reed 1995] ) concluded that effiuent nitrate concentration depends on maintaining anoxic conditions so denitrification can occur. It was found that subsurface flow wetlands outperfonned surface flow wetlands for nitrate removal. The 20 surface flow wetlands reviewed reported effiuent nitrate levels below 5 mg/L; the 12 subsurface flow wetlands reviewed reported effiuent nitrate ranging from <I to <10 mg/L.
• Two flow-through pilot-scale constructed wetlands were construl:ted ("Nitrate Removal from Groundwater Using Constructed Wetlands Under Various Hydraulic Loading Rates" [Lin et al. 2008] ) with the same size but various flow patt,ems (free-water surface flow and subsurface flow) to receive a nitrate-contaminated groundwater. Nitrate removal rates of both wetlands increased with increasing hydraulic loading rate until a maximum value was reached. After the maximum values were reached, further increasing the hydraulic loading rate led to a considerable decrease in nitrate removal rate. Nitrate removal efficiencies remained high (>85%), and effluent nitrate concentrations always satisfied the DWS «10 mg/L) within a certain hydraulic loading rate for both free-water surface flow and subsurface flow wetlands.
• "Using a Wetland Bioreactor to Remediate Ground Water Contaminated Nitrate (mg/L) and Perchlorate (llg/L)" (Krauter 200 I) created a pilot wetland biioreactor using indigenous plants to treat nitrate and perchlorate in groundwater. The system was able to treat 80 mg/L nitrate to <4 mg/L with a retention time of I day. The addition of additional carbon had no significant impact on nitrate degradation.
• A constructed wetland in Thailand with the size of 29,920 m 2 (18.6 mi) was built with the purpose of tertiary treatment of wastewater. The wetland was able to remove nitrate with an efficiency of 52% (Yirong and Puetpaiboon 2004 ).
• In a laboratory study, "Ammonium and Nitrate Removal in Vegetated and Unvegetated Gravel Bed Micocosms Wetlands" (Zhu and Sikora 1995) showed that the vegetation had great impact on the treatment efficiency. Without the addition ofcarbon, only 14% to 30% nitrate was degraded using bulrush, reed, and typha. In contrast, about 55% to 70% nitrate was removed when using canary grass. The study indicatc:d that the difference had to do with the amount of carbon released from canary grass roots (IS to 20 mg/L).
Constructed wetlands can potentially act as a means to remove nitrate from groundwater or brine from treated groundwater. The process would be the similar for use in wastewater treatment, with the difference being that groundwater would be pumped through it (or the waste product from a pump-and-treat system).
IN SITU TREATMENT-
Both PRBs and anaerobic bioremediation have been studied for the treatment of nitrate in groundwater, as summarized below.
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Permeable Reactive Barriers
The use of PRBs can efficiently treat nitrate. A limited number of studit:s have been published where the targeted compound has been nitrate. However, PRBs have be,en used at several chlorinated compound sites. When chlorinated compounds have been targeted at a site that contains nitrate, the nitrate is reduced in the reductive treatment process (Parsons 2004 ) (e.g., nitrate is more oxidized than, for example, TCE, and is preferentiaUy reduced compared to TCE).
Some field applications using biological treatment PRBs directly targeting nitrate, are described below:
• Performance Evaluation ofa Carbon-Based Reactive Barrier for Nitrate Remediation [Wilkin et al. 2006] ) used a PRB for 4 years that was made of wheat-straw to treat nitrate l . About 92% to 100% removal of nitrate was seen in the wall, and average concentration decreases between influent and effluent concentrations ranged from 42% to 91 %, depending on location. Influent water contained nitrate up to levels as high as 80 mg-NIL, and effluent levels in downgradient wells in line with the middle of the PRB decreased to nondetection.
• At a site in Japan, biodegradable plastics were used together with iron powder to stimulate denitrification. After 4 months, groundwater influent with concentrations of 10 mg-NIL was treated in the barrier to zero ("In Situ Denitrification of NitrateContaminated Groundwater by Permeable Reactive Barrier" [Tal~amichi et al. 2002] ).
• "Nitrate Removal from Groundwater Using a Denitrification Wall Amended with Sawdust: Field Trial" (Schipper and Vojvodic-Vukovic 1998) used a l.5-m (16.4-ft)-wide PRB made out of sawdust mixed with soil. The permeable wall was able to treat 6.9 to 13.3 mg-NIL to concentrations to below 1 mg-NIL.
No published data on the use of mulch barriers for treatment of nitrate were found, but mulch barriers have been used several times for treatment of chlorinated solvents by creating strongly reducing conditions AFCEE Workshop on Enhanced In Situ Bioremediation [AFCEE 2007 ). In previous evaluations, it was found that a mulch barrier can be: installed for approximately one-quarter to one-third of the cost ofa zerovalent iron wall (AFCEE 2007) and would be worth further evaluation and consideration if there were compdling reasons to install a PRB at the site versus using other remedial technologies.
Anaerobic Bioremediation
Enhanced in situ bioremediation to treat nitrate is common, and several studies have been published. Since nitrate is very oxidized (only oxygen is generally more oxidized in uncontaminated groundwater), it can easily be reduced through biodenitl'ification.
Biodenitrification occurs through microbially mediated reactions whereby micro-organisms obtain energy by reduction/oxidation reactions. Nitrate is anaerobically reduced to nitrogen gas as shown below: 
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The denitrification process can occur through either autotrophic or heterotrophic micro-organisms. Autotrophic micro-organisms use inorganic carbon (C0 2 and HC03") for cell synthesis and inorganic compounds (e.g., hydrogen or sulfur) as an energy source, using it as an electron donor. Heterotrophic micro-organisms use organic carbon for both cell synthesis and energy source and are the most common denitrifiers. The degradation pJrOcesses occur through reduction/oxidation reactions (as described in Section 2.2.2). Denitrification can be enhanced by the addition of electron donor (i.e., a carbon source that can either be uSlld directly by heterotrophic denitrifiers or fermented to hydrogen, which can be used by autotrophic denitrifiers).
Several field and laboratory treatment studies have been performed using bioremediation to remove nitrate, such as follows:
• "Ethanol-Stimulated Bioremediation ofNitrate-Contarninated Ground Water" (Tartakovsky et aI. 2002) involved injecting ethanol as a carbon source to stimulate denitrification and demonstrated nitrate removal rates up to 1.4 mg-N/L/day in the field at a site when nitrate levels were greater than 25 mg-N/L. Nitrate II~vels below 10 mg-N/L were seen in observation wells after 20 days from injection start and below 5 mg-N/L after the study was ended about 150 days after injection.
• "Pilot-Scale Field Test Results of Enhanced In Situ Denitrification" (Lathrop et al. 2003 ) demonstrated a 40% to 50% reduction of nitrate after injection of Hydrogen Release Compound (HRC®) as a carbon source. The area for the pilot test contained levels of nitrate between 70 and 320 mg/L.
• • At a site in Nebraska with average nitrate concentrations of 40 mg-N/L, denitrification was stimulated by the addition of ethanol. Complete denitrification was seen downgradient of the injection location (ITRC 2000).
• There are numerous chlorinated-compound and petroleum-contaminated sites where enhanced bioremediation has taken place to degrade contaminants. At these sites where nitrate is present, denitrification will be enhanced as well and will degrade nitrate at the same time or prior to the targeted contaminant. "In Situ Reductive Dechlorination of Chlorinated Ethenes in High Nitrate Groundwater" (Bennett et aI. 2007) showed that in a pilot test for treatment of chloroethenes, levels of nitrate (>230 mg/L) were degraded to nondetect from stimulation using sucrose or dextrose/fructose.
Enhanced in situ biodenitrification would target nitrate and compounds that are more oxidized than, or as oxidized as, nitrate. At an aerobic site such as the 200 West Area at Hanford, injection of an electron donor would first be used to degrade oxygen and then nitrate.
Since fermentive micro-organisms and denitrifiers are widespread, several electron donors can be used as energy and carbon sources. The choice of the specific electron donor is influenced by whether a slow-release and long-lasting electron donor or a fast-release !md short-lived electron donor is desired.
HRC~is a registered trademark ofRegenesis, San Clemente, California.
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IODINE-129 TREATMENT OPTIONS
Published studies that address the treatment ofiodine-129 in groundwat€'r are extremely limited, and no vendors approached have had any significant experience with treating iodine-129. Some limited published data were identified for ex situ treatment of iodine or iodide, and one literature case study identified where the in situ stabilization of iodine was tested. In addition, based on the known chemical properties of iodine-l 29 and based on discussion with treatment technology vendors, some well-developed and documented technologies are discuss'ed in this section as having estimated effectiveness for treating iodine-l 29 in Hanford Site groundwater.
EX SITU TREATMENT (pUMP-AND-TREAT)
For ex situ treatment of iodine-l 29, there were no identified literature cilations for biological treatment. However, published documents were found indicating potential successful treatment of iodine-129 using physical/chemical treatment methods.
Physical/Chemical Treatment
Literature review findings for the treatment of iodine-129 by IX, GAC, dectrodialysis, and reverse osmosis are described below.
Ion Exchange. Laboratory Evaluation of1-129 and Tc-99 Removal at the F-Area
Water Treatment Units (Serkiz and Kanzleiter 2002) showed in a laboratory study that iodine-129 can be effectively removed through use of the commercial strong-base anionexchange resin SIR-1200. The resin was found to be able to remove iodine-129 from water to below laboratory detection limits. The Handbook ofIon Exchange Resins -Their Application to Inorganic Analytical Chemistry (Korkisch 1989) also lists iodide as a compound that can be removed.
In addition to limited published literature, several treatment technology vendors claim that their resins will work for removal ofiodine-129. Remco, ResinTech, and Purolite indicate in their product descriptions that they have strong-base anion-exchange resins that will work to remove iodide (Remco 2008 1 ; Purolite 2008) . ResinTech, for example, has a resin that specifically targets monovalent ions that they claim would work for iodide (ResinTec:h 2008) . ResinTech is also the supplier of the SIR-1200 for the study discussed above (WSRC-TR-2002-00435). Purolite indicated that they have a resin that they believe would work (A600), but they have not performed significant testing on iodide 2 • 4.1.1.2 Granular Activated Carbon. GAC has been shown to be effe'ctive in removing iodine (h) from wastewater or groundwater. However, it has not been documented and it is not expected based on chemical differences that unaltered GAC would be effective in removing iodide (I), which is the expected form ofiodine-129 in groundwater. Wb.at has been shown to be effective in removal of iodide is silver-impregnated activated carbon (SIAC 4-1 developed through work by the Savannah River Technology Center and Clemson University and was shown in a laboratory study to effectively remove iodine-129 (WSRC-TR-2002-0057l). The SIAC was found to be able to remove iodine-129 from water to below laboratory detection limits.
4.1.1.3 Electrodialysis. No published literature was identified that evaluated the use of electrodialysis for treatment of iodine-129 or iodide. Based on the chemical properties of iodine-129 in groundwater, it is expected that electrodialysis could be used to remove iodine-l 29. It is expected that the cost would be relatively high, but the specific cost and effectiveness ofthis technology cannot be estimated due to the lack of available data.
4.1.1.4 Reverse Osmosis. Similar to electrodialysis, no published liteJrature was identified that evaluated the use of electrodialysis for treatment of iodine-l29 or iodide, but it is expected that reverse osmosis could be used to adequately remove iodine-129 based 011 general principles of the technology. It is expected that the cost ofreverse osmosis would be relatively high, but the specific cost and effectiveness ofthis technology cannot be estimated due to the lack of available data.
IN SITU TREATMENT
One case study was identified on the immobilization ofcontaminants at a site that included iodine-129 among its primary contaminants. This technology study was performed by the U.S. Department of Energy's (DOE's) Savannah River National Laboratory at the Savannah River Site in South Carolina and involved a l_km 2 (0.39-mi 2 ) metals and. radionuclides waste site known as the "F-Area seepage basins," where a modified funnel and gatl~barrier system has operated since 2005 to treat groundwater containing strontium-90, uranium isotopes, iodine-129, technetium-99, and tritium ("SNRL Evaluates Sustainable Remediation Strategies for Metals and Radionuclides" [EPA 2008]) . The groundwater at the site is acidic (pH between 3.2 and 4.0), which increases the mobility of certain site contaminants. The immobilization testing has involved periodic injection of alkaline solutions of pH I 0 into the gates to neutralize groundwater and reduce mobility of some contaminants. The alkaline-enhanced funnel and gate system treats all of the contaminants by mixing the stratified plume at th,~barrier wall, as well as pH-sensitive contaminants such as strontium-90 and uranium isotopes at the gates. The frequency of injection has been determined through downgradient measurement of groundwater pH. In 3 years ofoperation, injections were required at l2-month intervals at one gate and I8-month intervals at the second gate. Savannah River National Laboratory indicates that the immobilization treatment strategy is more sustainable and less costly than the pump-and-treat system that cost approximately $1 million per month and produced a significant quantity of solid radioactive waste requiring disposal. 
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EX SITU TREATMENT
Limited published literature was identified for ex situ treatment of uranium. The identified physicaVchemical treatment and biological treatment technologies are discussed below.
Physical/Chemical Treatment
There are not many published articles about treating uranium (VI) using physicaVchemical treatment methods, although it is considered a common technology (Ion Exchange Technology: Advances in Environmental Pollution Control [Sengupta 1995] ) and many vendors claim they can treat uranium (VI). According to Remco, both reverse osmosis and IX are very efficient methods for treating uranium-rich water (Remco 2008) . ResinTech Statl:! that two of their IX products (SBGl-HP and SIR-1200) specifically target uranium. SIR-1200 is also the product that was used in the WSRC-TR-2002-00435 study to remove iodine-I 29 (see Section 4.1.1.1). Purolite provides at least three resins with the capability to remove uranium, and at least one also targets nitrate (Purolite 2008) . WRT provides a treatment sorption option where the uraniumcontaminated water is passed through a fluidized bed with adsorptive ml:dia, and they claim that their method has been able to treat water contaminated with 370 !1g!L to below 30 !1g!L (WRT 2008) . In a pilot study, the system was able to treat contaminated groundwater with average uranium concentrations of271.8!1g!L down to 1.2!1g!L (WRT 2008).
Furthermore, electrodialysis was used in a field study to remove uraniunl from groundwater (Sengupta 1995) . The study indicated greater than 95% removal of 120 !1g!L contaminated water, but most of the uranium (83%) had accumulated in the anion-exchange membranes rather than ending up in the brine (Sengupta 1995) . Reverse osmosis s another demonstrated technology that has been shown to reduce uranium. Sengupta (1995) de:,cribes a case study where 99% treatment was achieved with spiked groundwater with 300 !1:gIL uranium using reverse osmosis.
Biological Treatment
The use of a constructed wetland or irrigation field is a potential treatment remedy for uranium. Rhizofiltration is a phytoremediation process where roots of plants absorb a contaminant from groundwater and accumulate it. The plants, including the roots that contain the contaminant, can then be harvested and properly disposed. "Removal of Uranium from Water Using Terrestrial Plants" (Dushenkov et al. 1997 ) used certain sunflower plants in a field lind laboratory test to remove uranium from groundwater. The plants in the field were able to reduce concentrations ranging from 21 to 874 !1g!L to less than 20 !1g!L. Even when the groundwater influent was spiked to achieve a concentration of above 1,000 !1g!L, 95% was removed. About 99% of the uranium removed in the laboratory was found in the roots, and although the study mentions that > I% uranium was found in the roots of the plants in the field, it is not cll:ar how much above 5-1 SGW-37783, Rev. 0 1% was accumulated. If it was much less than in the laboratory, the artide does not describe its fate.
Phytoremediation could be an option to further investigate for the use of removing uranium from groundwater at the 200 West Area. Although no commercial applications were found, it might be a promising alternative; however, a pilot test is needed to be performl:d and evaluated to understand the removal mechanisms onsite. It is crucial that the uraniunl is actually removed (Le., accumulated in the roots of the plants) and not just reduced to uranium (IV) by micro-organisms that are stimulated by the nutrients in the roots (Le., phytostimulation). If uranium is simply being reduced, is it likely that it can be reoxidized and resolubilized after removal of the plants by oxygen and nitrate present in the groundwater, as previously described in for in situ enhanced bioremediation.
IN SITU TREATMENT
The in situ treatment technologies identified in the published literature filr uranium were anaerobic bioremediation, PRBs, and immobilization.
Anaerobic Bioremediation
Uranium is mobile under oxic (Le., aerobic) conditions but is immobile Imder iron-reducing conditions, which can be created through anaerobic bioremediation (sometimes referred to in the literature as "biostimulation"). A number of articles have been published regarding biological treatment of uranium (Le., reducing it from oxidation state 7 to 4); however, the possibility for reoxidation and remobilization is a concern.
Uranium (VI) can be biologically reduced to uranium (IV) and become immobile. The mechanism for biodegradation was previously discussed in Section 2.2.2. Uranium (VI) is an oxidized compound, but oxygen and nitrate are more oxidized and will be reduced first Some of the field studies have included the following:
• "In Situ Bioreduction of Technetium and Uranium in a Nitrate-Contaminated Aquifer" (Istok et aI. 2004 ) indicated in a series of groundwater well push-pull tests that uranium (VI) could be reduced under iron-reducing conditions in the presence of nitrate (120 nM). After nitrate was removed through addition of ethanol, glucose, and acetate, uranium (VI) was reduced to uranium (IV). Their results also inferred reoxidation of uranium (IV) through addition of nitrate.
• "In-Situ Evidence for Uranium Inlmobilization and Remobilization" (Senko et aI. 2002) showed in push-pull tests that 1.5 J,1M uranium (VI) could be reduced to only 0.5 nM through enhanced biodegradation using lactate, acetate, and formate as electron donors.
The study also showed that uranium (IV) could be reoxidized by nitrate to uranium (VI).
• Abdelouas et aI. (2000) showed in a laboratory study that uranium (VI) could be reduced to uraninite (V02). They also indicated that produced iron sulfid'es during stimulation could act as a buffer for reoxidation of uranium.
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• "Stimulating the In Situ Activity of Geobacter Species to Remove Uranium from the Groundwater of a Uranium-Contaminated Aquifer" (Anderson et al. 2003 ) used biostimulation to treat uranium (VI) in a fairly large field experiment. Using 20 injection wells oriented perpendicular to the groundwater flow, they injected acetate (I to 3 mM) to treat groundwater with uranium (VI) concentrations of O.4to 1.4 J.lM. Biodegradation, occurring simultaneously with iron reduction, decreased concentrations to lower than 0.18 IlM, and might be associated with Geobacter micro-organisms. The reduction of uranium (VI) decreased when the reduction-oxidation conditions changed to sulfatereducing, which might indicate that the reduction of uranium (VI) is a cometabolic process (Le., the micro-organism cannot gain energy from the reaction).
• "Pilot-Scale In Situ Bioremediation of Uranium in a Highly Contaminated Aquifer" (Wu et al. 2006 ) involved a pilot test to treat uranium in groundwater at a site with 80 to 160 mM nitrate. Ethanol was added in a recirculation system, which first enhanced denitrification followed by uranium (VI) reduction (5 to I IlM), and then uranium (VI) reduction combined with sulfate reduction, indicating that reduction can take place under sulfate-reducing conditions. Abdelouas et al. (2000) also showed that uranium (VI) reduction occurred under sulfate-reducing conditions.
Some studies have shown that anaerobic biostimulation is a very promisiing technology for reducing and immobilizing uranium under certain conditions. However, immobilization of uranium is not technically implementable in naturally aerobic aquifers (e:.g., 200 West Area unconfined aquifer). Although anaerobic conditions can be induced in the aerobic aquifer and uranium precipitated, the reduced uranium will resolubilize as oxic or nitrate-reducing conditions are re-established. In one study, 88% and 97% of biologically reduced uranium was reoxidized by oxygen and nitrate, respectively ("Uranium Reoxidation in Previously Bioreduced Sediment by Dissolved Oxygen and Nitrate" [Moon et al. 2007] ). Although anaerobic aquifer conditions could be temporarily induced in the 200 West Area unconfined aquifer, it is estimated that aerobic conditions would be reestablished following treatment and uranium would be remobilized.
Permeable Reactive Barriers
The PRB technology has been used to immobilize uranium. Different applications of PRBs have been used to reduce uranium (VI) to uranium (IV) through microbial stimulation to sequester the uranium in an immobile form, or PRB materials have been used to adsorb uranium to material in the wall.
• (Barton et al. 2004 ) tested three IX resins in column tests to mimic behavior in PRBs with promising results. Another option" likely cheaper, would be to use a mulch barrier as described in the section previously for PRBs used for treatment of nitrate.
The use ofa PRB to reduce uranium (VI) would likely not be effective in Hanford's 200 West Area. Although biotreatment in the PRB could result in reduction and immobilization of uranium, significant resolubilization would occur as the naturally aerobk aquifer conditions become re-established, as described previously for in situ anaerobic bioremediation.
Immobilization
As described in Section 4.2 for iodine-129, a case study was performed of the immobilization of contaminants at a site that included iodine-129 and uranium among its primary contaminants. This technology study was performed by DOE's Savannah River National Laboratory at the Savannah River Site and involved a l_km 2 (0.39 mi 2 ) metals and radionuclides waste site known as the "F-Area seepage basins," where a modified funnel and gate barrier system has operated since 2005 to treat groundwater containing strontium-90, uranium isotopes, iodine-129, technetium-99, and tritium (EPA 2008) . The immobilization testing has involved periodic injection of alkaline solutions of pH 10 into the gates to neutralize groundwater and reduce mobility of some contaminants. The alkaline-enhanced funnel and gate system treats all contaminants by mixing the stratified plume at the barrier wall as well as pH-sensitive contaminants such as strontium-90 and uranium isotopes at the gates. In addition to the discussion in Section 4.2, Savannah River National Laboratory states that early analytical data from downgradient wells indicate the system effectively reduces concentrations of uranium isotopes to below the DWS.
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CONCLUSIONS
Based on the information gathered from the review of published literature and from discussions with technology vendors, some general conclusions can be drawn as to which treatment technologies could be considered as applicable for further consideration at the Hanford Site for the COPCs nitrate, iodine-129, and uranium.
APPLICABLE NITRATE TREATMENT TECHNOLOGIES
The nitrate treatment technologies that are considered to be applicable for further consideration at the 200-ZP-l OU of the Hanford Site are pump-and-treat, PRBs, and iin situ anaerobic bioremediation.
Of the two in situ technologies identified for nitrate, anaerobic bioremediation may be more easily implemented than a PRB considering the significant depth below ground surface of impacted groundwater at the Site. An anaerobic bioremediation remedy could be accomplished with injection wells, whereas successful installation of a PRB without gaps in the treatment zone becomes significantly more challenging and costly with increasing deptll.
With a pump-and-treat remedy, the physical/chemical treatment technologies considered to be applicable for nitrate removal are IX, electrodialysis, and reverse osmosils. Based on review of vendor literature and documentation, IX appears to be a relatively more implementable and cost-effective ex situ treatment option for the Hanford Site because it would not generate a large-volume concentrated liquid waste stream that would require further handling and treatment. A number of companies and vendors produce strong-base anilon-exchange resins with documented success in removing nitrate from water. With the provision of specific groundwater chemistry data and treatment goals (e.g., flow rates and durations) to the IX vendors, specific resins could be recommended for the Site, and comparisons of effectiveness and cost could be made for selecting specific alternatives. Ultimately, laboratory or bench-scale tests with Site groundwater would likely be required to ensure that relevant treatment goals could be achieved.
With a pump-and-treat remedy, the biological treatment technologies considered to be applicable for nitrate removal are use of a bioreactor (including a mulch bioreactor) or a constructed wetland. Of these two biological treatment options, there is no immediate clear preference from the literature based on implementability, cost, or effectiveness.
APPLICABLE IODlNE-129 TREATMENT TECHNOLOGIES
The treatment technologies that were identified for iodine-129 to be applicable for further consideration were mostly limited to pump-and-treat remedies. One cas'~study was identified that evaluated in situ immobilization of contaminants in groundwater, including iodine-l 29. However, the data available from that case study were limited and the strongly acidic groundwater conditions at that site were different than the 200-ZP-l OU, so it cannot be concluded that an immobilization approach would be appropriate for the Hanford Site.
With a pump-and-treat remedy, the treatment methods considered to be applicable for iodine-129 removal are IX, SIAC, electrodialysis, and reverse osmosis.
Although very limited published literature was found for any treatment methods for iodine-129, based on vendor information and known removal rates of compounds with similar chemical
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GW-37783, Rev. 0 characteristics, IX may be the most cost-effective treatment option for iodine-129 removal. The literature suggests that strong-base anion-exchange resins can have strong affinities toward the removal of iodide (1), which is an iodine species that exists under most normal groundwater conditions. Assuming that iodine-129 speciates in the same manner as naturally occurring iodine (which is suggested in certain literature), strong-base anion-exchange resins should be effective in removing iodine-129 in the iodide form, and likely in the iodate (103") form (also a negatively charged ion).
The IX resins are designed to be selective for removal of certain types of compounds, but it may be determined that other similar compounds or contaminants present in 200-ZP-I groundwater compete for adsorption sites, cause premature breakthrough of the resin, and cause IX to be ineffective in removing iodine-129. Therefore, bench-scale or pilot-scale testing with Hanford Site groundwater would be necessary to verifY whether IX would be effilctive for iodine-I 29 at the 200-ZP-I au.
APPLICABLE URANIUM TREATMENT TECHNOLOGmS
The treatment technologies that were identified to be applicable for further consideration for uranium in groundwater were limited to pump-and-treat remedies.
Although multiple studies have discussed in situ anaerobic bioremediation for the reduction of uranium (VI) in groundwater to the less mobile form of uranium (IV), this approach is considered unlikely to be an effective long-term remedy for 200-ZP-I groundwater because the naturally aerobic aquifer conditions would return after treatment and allow reoxidation by oxygen or nitrate back to mobile uranium (VI). Use of a PRB to reduce and immobilize uranium would be expected to have the same problem over time. Therefore, in situ treatment remedies for uranium do not appear to be appropriate options for the Hanford Site.
For a pump-and-treat remedy, it may be possible to use a constructed wl:tIand or irrigation field for phytoremediation for the removal of uranium from extracted groundwater. However, given the limited amount of field testing data that were identified and because the removal mechanisms are not fully understood, it cannot yet be considered a reliable remedial technology for uranium.
With a pump-and-treat remedy, the physical/chemical treatment technologies considered to be applicable for nitrate removal are IX or a membrane separation technology (Le., electrodialysis or reverse osmosis). Based on a review ofliterature and vendor communications, IX appears to be a relatively more implementable and cost-effective ex situ treatment option for the Hanford Site because it would not generate a large-volume concentrated liquid waste stream that would require further handling and treatment. A number of companies and vendors produce strongbase anion-exchange resins with documented success in removing uranium from water and could assist with bench-scale testing of groundwater from the 200-ZP-I au.
